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Abstract In contrast to other fat-soluble vitamins, dietary
vitamin Kis rapidly lost to the body resulting in comparatively
low tissue stores. Deficiency is kept at bay by the ubiquity of
vitamin K in the diet, synthesis by gut microflora in some spe-
cies, and relatively low vitamin K cofactor requirements for
v-glutamyl carboxylation. However, as shown by fatal neona-
tal bleeding in mice that lack vitamin K epoxide reductase
(VKOR), the low requirements are dependent on the ability
of animals to regenerate vitamin K from its epoxide metabo-
lite via the vitamin K cycle. The identification of the genes
encoding VKOR and its paralog VKOR-like 1 (VKORLI) has
accelerated understanding of the enzymology of this salvage
pathway. In parallel, a novel human enzyme that participates
in the cellular conversion of phylloquinone to menaquinone
(MK)-4 was identified as UbiA prenyltransferase-containing
domain 1 (UBIAD1). Recent studies suggest that side-chain
cleavage of oral phylloquinone occurs in the intestine, and
that menadione is a circulating precursor of tissue MK-4.Hl
The mechanisms and functions of vitamin K recycling and
MK-4 synthesis have dominated advances made in vitamin K
biochemistry over the last five years and, after a brief over-
view of general metabolism, are the main focuses of this
review.—Shearer, M. J., and P. Newman. Recent trends in the
metabolism and cell biology of vitamin K with special refer-
ence to vitamin K cycling and MK-4 biosynthesis. J. Lipid Res.
2014. 55: 345-362.
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Vitamin K differs from other fatsoluble vitamins (A, D,
and E) in that it functions as a cofactor for a single mi-
crosomal enzyme, namely vy-carboxyglutamyl carboxylase
(GGCX). GGCX is needed to catalyze a reaction in which
specific peptide-bound glutamate residues found in certain
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specialized proteins are converted to y-carboxyglutamate
(Gla). This posttranslational protein modification discov-
ered in 1974 (1, 2) is the only firmly established bio-
chemical function of vitamin K. The resultant vitamin
K-dependent (VKD) proteins, or Gla proteins, are diverse
in both structure and function and are found in many cell
and tissue types. It is this very diversity of Gla proteins that
makes vitamin K a truly multi-functional vitamin. The cen-
tral role that vitamin K plays in hemostasis is the only
health role for vitamin K that is supported by incontrovert-
ible evidence. The functions of many Gla proteins remain
uncertain, but are suspected to play roles in processes as
diverse as bone and cardiovascular mineralization, vascu-
lar hemostasis, energy metabolism, immune response,
brain metabolism, and in cellular growth, survival, and sig-
naling (3-10). For the most part the health roles of Gla
proteins beyond their roles in coagulation are unclear or
fuzzy. Apart from its cofactor function, there is evidence
for biochemical functions of vitamin K that are indepen-
dent of y-glutamyl carboxylation (3, 11).

Vitamin K also differs from other fatsoluble vitamins in
that there are naturally occurring and synthetic antagonists
that block the synthesis of fully y-carboxylated Gla proteins.
Apart from their well-known use as clinical anticoagulants
and rodenticides, coumarin vitamin K antagonists (VKAs)
offer a powerful laboratory tool for investigating the me-
tabolism of vitamin K, and the roles of Gla proteins in
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remnant; ER, endoplasmic reticulum; GGCX, y-carboxyglutamyl car-
boxylase; Gla, y-carboxyglutamate; K, vitamin K; K>O, vitamin K 2,3-
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putative physiological processes. They also pose interesting
questions as to whether they impair the noncoagulation
functions of vitamin K and hence the health of people tak-
ing them.

The metabolic processes that lead from the intestinal
absorption of dietary vitamin K to its entry into cells, its
subsequent storage, intermediary metabolism, and catabo-
lism was reviewed by us in depth in 2008 (11) and in the
context of vitamin K requirements in 2012 (12). The main
goal of this present review is to focus on the biochemical
aspects not covered in these reviews and on advances made
in the last decade, particularly in the last 5 years. Two main
advances in the last decade stand out; the first was the
identification in 2004 of the gene encoding vitamin K
epoxide reductase (VKOR) (13, 14) and the second was
the identification in 2010 of the gene encoding the me-
naquinone (MK)-4 biosynthetic enzyme, UbiA prenyltrans-
ferase-containing domain 1 (UBIADI1) (15). Both these
discoveries have opened up their respective fields to facili-
tate studies of the mechanisms and importance of cellular
vitamin K recycling and MK-4 biosynthesis in mammals.
We also highlight the importance of side-chain structure
to the way the body metabolizes and utilizes vitamin K not
only for its well-known cofactor function but also for other
putative functions.

DIVERSITY OF CHEMICAL STRUCTURES AND
SOURCES OF VITAMIN K

Naturally occurring forms of vitamin K

Vitamin K compounds are naphthoquinones that belong
to the wider group of isoprenoid quinones and which occur
and function in membranes of living organisms. They are
characterized by a common 2-methyl-1,4-naphthoquinone
ring structure (menadione) and a hydrophobic polyiso-
prenoid side chain attached at the 3-carbon position of
the nucleus. This side chain can vary in both length and
degree of saturation (Fig. 1).

Phylloguinone (vitamin K; ).  Phylloquinone (K,) is ubiqui-
tous in the plant kingdom and is structurally distinguished
by possessing the same phytyl (hexahydrotetraprenyl) side
chain as found in the plant pigment chlorophyll. Although
chemically designated a “phylloquinone series” (16), with
members that theoretically have longer or shorter iso-
prenoid side chains of this saturated type, K| is the only bio-
logically important member of the series and the major
form of vitamin K in Western diets (17-19). As befits its pho-
tosynthetic function, the highest K; contents (normally in
the range 400-700 pg/100 g) are found in green-leafy veg-
etables (17). The next best sources are certain vegetable
oils (e.g., soybean, rapeseed, and olive oils), which contain
50-200 pg/100 g and are also important contributors to
dietary vitamin K intakes (17). Lower but nutritionally use-
ful amounts of K; are found in other vegetable oils, fruits,
cereals, meat, and dairy products (17, 18).
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Fig. 1. Chemical structures of vitamin K compounds.

MK family (vitamin K, family). MKs are evolutionarily
the most ancient type of isoprenoid quinones and the
most widespread bacterial respiratory quinones (20). They
are synthesized by a limited number of obligate and facul-
tative anaerobic bacteria (21, 22), some of which occupy a
niche in the microflora of the human gut (22, 23). The
family contains a wide spectrum of isoprenologs in which
the side chain comprises a polymer of repeating prenyl
units. They are named according to the number of these
prenyl units (thus MK-n). The major bacterial MKs pres-
ent in the human large intestine are MK-10 and MK-11
synthesized by Bacteroides, MK-8 by Enterobacteria, MK-7 by
Veillonella, and MK-6 by Eubacterium lentum (22, 23).

MKs account for only about 10-25% of the vitamin
K content of Western diets (24, 25). Of the individual MKs
in Western diets, MK-4 accounts for about 30-40% and the
remainder comprise mainly MK-9, MK-8, and MK-7, in that
order (24, 25). The highest food sources of long-chain
MKs are animal livers and foods prepared with a bacterial
fermentation stage such as cheeses (mainly MK-8 and MK-9)
and natto (MK-7). The Japanese food natto (made by fer-
menting cooked soybeans with Bacillus subtilis natto) has a
very high content of MK-7 of about 1,000 wg/100 g in a highly
bioavailable form (26). Yeasts do not synthesize MKs.

Many bacterial strains synthesize MKs in which one or
more of the prenyl units is saturated. The additional
hydrogen atoms are indicated by a prefix (dihydro-, tetra-
hydro-, etc.) and are abbreviated MK-n(H,), MK-n(H,),
etc. The contribution of partially saturated MKs to vitamin
K nutrition has been largely ignored, but they are synthe-
sized by members of the gut microflora (22) and by bacte-
ria used in food fermentation processes. An example of
the latter is tetrahydromenaquinone-9 [MK-9(H,)] which



is the major respiratory MK in propionibacterium species
used in the manufacture of certain cheeses. Nutritionally
relevant amounts of MK-9(H,) are found in Norwegian
Jarlsberg and Swiss emmental cheeses (27).

MK-4 is an atypical MK that is not commonly synthesized
by bacteria (21), but can be synthesized in vivo by inverte-
brates and vertebrates given a suitable naphthoquinone
precursor such as menadione or K; (11, 15, 28).

Issues of bioavailability of K; and MKs from different
foods are complex and are considered in previous reviews
(12, 29). In general, dietary forms of vitamin K that are
membrane bound (K; in plants and MKs in bacteria) have
a poor bioavailability, whereas vitamin K contained in oil-
based and processed foods is absorbed more efficiently.
Stable-isotope studies have shown that the absorption of
K, is dependent both on the food matrix and the type of
accompanying meal (30). There have been no comparable
stable-isotope studies with any MKs and robust data on
their bioavailability is presently unavailable (29).

Importance of using correct nomenclature

Although traditional nomenclature distinguishes the
plant form K, from the family of bacterial MKs (Ky), this
nomenclature is somewhat artificial because the synthesis
of K; by chloroplasts of eukaryotic algae and plants
probably evolved from an endosymbiotic relationship
with cyanobacteria. That K; biosynthesis originated from
prokaryotic endosymbionts is supported by genetic studies
of the biosynthetic enzymes responsible for the synthe-
sis of K; and MKs (20). In this sense K; and MKs are not
only evolutionally closely related, but K; is simply a par-
tially saturated species of MK-4, namely II-, III-, and IV-
hexahydro MK-4.

As pointed out by Suttie (31), inappropriate nomencla-
ture of the different forms of vitamin K in the scientific
literature is common and has led to highly misleading
claims relating to vitamin K function and requirements.
The most common error is to refer to “vitamin K,” as
though it were a single chemical entity with the implica-
tion that all MKs possess identical metabolic profiles and
activities. This trend originated in Japan from where nu-
merous scientific articles on the cell biology and health
effects refer to vitamin K, in the title and text (including
several cited in this review) for studies carried out with
a specific MK, usually with MK-4 but increasingly with
MK-7. This stemmed from the commercial synthesis and
medical use within Japan of MK-4, trade names menatet-
renone and Glakay (Eisai Co., Ltd., Tokyo, Japan) but also
widely promoted as vitamin K,. The main clinical indica-
tion for MK-4 in Japan is for the prevention and treatment
of osteoporosis, although it is also used for the prevention
of vitamin K deficiency bleeding in neonates; nearly all
other countries use K; for this indication. Confusion as
to which chemical structure is being described by vitamin
K, is exacerbated by the increasing availability of dietary
supplements of MK-7. The increasing promotion of MK-7
for bone and cardiovascular health had its origins from
the widespread consumption in Japan of natto, which con-
tains high amounts of MK-7 (26).

If obfuscation of vitamin K nomenclature is common
in the scientific literature, it is rife on the Internet. For
example manufacturers and traders of vitamin K, health
supplements often do not reveal whether the product
contains MK-4 or MK-7. Why is this important? Apart from
the obvious need to fully inform the public, there may be
unintended health consequences of ignorance. One im-
portant medical issue is that vitamin K supplements may
interfere with the stability of anticoagulant therapy in
patients taking VKAs such as warfarin. It is known that the
agonist effect of vitamin K on VKA anticoagulant therapy
is strongly dependent on the chemical form of vitamin
K. For example, dose-response studies have revealed that
the antidotal potency of MK-7 is much greater than that of
K, (32-34). As a consequence, whereas daily supplements
of K;, up to 100 pg, do not normally compromise antico-
agulant stability in subjects taking VKAs (32), daily supple-
ments of MK-7 as low as 10-20 g may rapidly destabilize
therapeutic anticoagulant control (34). Given that in some
countries about 1% of the population is taking VKAs for
the treatment and prophylaxis of thromboembolic dis-
ease, there is clearly a need to inform professionals and
the public of the different potencies of available forms of
vitamin K.

OVERVIEW OF VITAMIN K METABOLISM

This section will provide a brief overview of the metabo-
lism of vitamin K congeners with emphasis on human
metabolism and the effect of side-chain structure on me-
tabolism. For greater depth of detail of some aspects, the
reader is referred to previous reviews (11, 12).

Intestinal absorption, transport, and cellular uptake

The pathways and general principles of intestinal ab-
sorption of dietary vitamin K into the enterocytes, packag-
ing into chylomicrons, secretion into lymph lacteals, and
entry into the blood via the thoracic duct are common for
all fat-soluble vitamins (35, 36). Within the vitamin K family,
much more is known about the absorption and metabolic
fate of K, than for MKs. This is because K; predominates in
the diet (19) and is the only vitamer routinely measured in
blood (37). Concentrations of individual MKs in plasma,
such as MK-4, are very low or undetectable (38). An excep-
tion is that MK-7 is often detectable in people who regu-
larly eat natto, mainly because MK-7 has a long plasma
half-life and at the same equimolar daily intake produces
plasma concentrations that are ~5-fold higher than those
for K; (33).

No specific transport proteins are known for vitamin
K and, with the exception of menadione, the highly lipo-
philic naturally occurring forms are all transported in
plasma by lipoproteins. In the fasting state and during the
postprandial phase, 50-90% of K, is carried by triacylglyc-
erol-rich lipoproteins (TRLs) comprising chylomicron
remnants (CRs) and VLDLs (39-42). The remainder is ap-
proximately equally distributed between LDLs and HDLs,
although after a meal there is a progressive increase with
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time in both the absolute and relative amounts of K; in
both LDLs and HDLs (40-42). Although there is a pau-
city of studies directly comparing postprandial plasma ki-
netics of different molecular forms of vitamin K, there is
clear evidence that the length and degree of saturation of
the isoprene side chain significantly influences the kinet-
ics of appearance, and clearance from the circulation (33,
41). Plasma clearance of radiolabeled (43) or stable iso-
tope-labeled (44) K, over the first 8-10 h fits two exponen-
tial components with halflives of ~0.3 h and ~2.5 h,
respectively. The clearance of unlabeled MK-4 is similarly
rapid (41). After oral administration of an equimolar mix-
ture of K;, MK-4, and MK-9, peak concentrations of MK-4
and MK-9 were 39 and 12%, respectively, of the peak con-
centration for K;, and MK-4 peaked significantly earlier
than K, (41). During the first 4 h after intake, all molecu-
lar forms were predominately associated with TRLs. There-
after, there was divergence in lipoprotein distribution.
MK-4 appeared very early in LDLs and HDLs and by 8 h
80% of MK-4 was carried by LDLs. In contrast, MK-9 was
not found in HDLs at any time point and did not appear
in LDLs until after 8 h; thereafter the proportion of MK-9
in LDLs increased as its proportion in TRLs declined. By
24 h about 50% of MK-9 was present in the LDL fraction
and this increased to >90% at 48 h (41). The high propor-
tion of MK-9 in LDLs accounts for its slow rate of clearance
with a terminal half-life estimated to be ~60 h (41). In a
separate study, the clearance of MK-7 was also shown to be
very slow with a terminal plasma half-life of around 3 days
(33). Although lipoprotein analysis was not carried out, it
is likely that MK-7 is also transferred to LDLs (33). A major
consequence of this delayed clearance of MK-7 is that it was
shown to have a much greater efficacy for y-carboxylating
osteocalcin in bone than equimolar doses of K; (33).
There are few studies of the mechanisms of cellular up-
take of vitamin K and the only direct investigations have
been carried out with cultured bone cells (45-47). New-
man et al. (45) showed the dependence for the human
osteoblastic uptake of K; on heparan sulfate proteoglycans
on the cell surface and apoE in lipoprotein particles. Im-
portantly, these investigations in cell culture attempted to
replicate the physiological situation by presenting the cells
with labeled K, that had been incorporated into different
lipoprotein fractions (45). The results were consistent with
known mechanisms of the hepatic uptake of CRs (48).
Later studies by Niemeier and coworkers set out to identify
the receptors and mechanism of uptake of CRs and vita-
min K by bone cells (46, 47). In their first study, they
showed that human osteoblast cell lines expressed the
LDL receptor and the LDL receptorrelated protein 1 (LRP1)
with the latter also being strongly expressed by osteoblasts
and marrow stromal cells of normal human bone (46). By
using specific inhibitors of LRP1, they found strong evi-
dence that LRP1 played a predominant role in vitamin K
uptake by cultured osteoblasts when the latter were pre-
sented with K;-enriched human CRs isolated from a sub-
ject who had taken 10 mg K; with a meal (46). Specific
uptake of K; was demonstrated from both physical uptake
of K; and by increased vy-carboxylation of osteocalcin (46).
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In a second study using an in vivo murine model, Niemeier
etal. (47) showed that fluorescently-labeled CRs localized
with the sinusoidal endothelial cells in bone, which they
hypothesized, served as a docking site to concentrate CRs
in the bone marrow. Taking account of the requirements
for apoE and heparan sulfate proteoglycans, they further
hypothesized that CRs travel through the endothelial
fenestrae to the subendothelial space where CRs are en-
riched with osteoblast-derived apoE, interact with osteo-
blast receptors, and are internalized (47). When mice were
injected with Kj-loaded CRs, there was a significant in-
crease in the y-carboxylated fraction of osteocalcin in the
circulation within 4 h of the CRs. This represented the first
in vivo evidence that K; carried by CRs has direct access to
osteoblasts during the postprandial phase of absorption and
that the K; taken up is very soon utilized for the synthesis
and posttranslational carboxylation of osteocalcin (47).

Storage and catabolism

Plasma concentrations of K; in healthy fasting people
are of the order of 0.5 nM, which is one, three, and four
orders of magnitude lower than circulating concentrations
of 25-hydroxyvitamin D, retinol, and a-tocopherol, respec-
tively. The low plasma concentrations of K; are mirrored
by low tissue reserves. Adult liver concentrations of K; are
approximately 10 pmol/g wet tissue (49, 50). The median
total liver pool of K; in British adults was estimated at
about 20 nmol, but including MKs this rises to 200-300
nmol (11, 49). In fact, the liver is the only organ or tissue
in which the majority of vitamin K reserves comprise long-
chain forms, MK-7 through to MK-13, with only low con-
centrations of MK-4 (50). Extrahepatic tissues in rats
(51, 52) and humans (50) contain mainly K; and/or MK-4.
In humans, K; concentrations comparable to the liver
(10 pmol/g) are present in heart and pancreas, but low K;
concentrations (<2 pmol/g) are present in brain, kidney,
and lung (50). The tissue distribution of MK-4 varies quite
widely. High MK-4 concentrations (6 pmol/g) were found
in human brain and kidney and even higher concentra-
tions (22 pmol/g) in the pancreas (50). The ratio of MK-4:
K, ranged from <0.3 in liver and heart to =6 in brain and
kidney (50). The human pancreas contained approximately
equal concentrations of K; and MK-4 and the total content
of >50 pmol/g was the highest of all tissues examined (50).

Tracer studies with labeled K; have shown that a sizable
fraction of a single oral dose is rapidly catabolized in the
liver and excreted predominantly in the bile, but also in
urine (43). This extensive catabolism of K; by the liver ex-
plains the rapid turnover and depletion of hepatic reserves
in patients on a low K, diet (53). It has been estimated that
~60-70% of the amounts of K, absorbed from each meal
will ultimately be lost to the body by excretion (54). This
alone suggests that the body stores of K; are being con-
stantly replenished.

Both K; and members of the MK series are catabolized
in the liver by a common degradative pathway in which the
polyisoprenoid side chain is shortened to two major car-
boxylic acid aglycones with 7- and 5-carbon side chains,
respectively, and which are excreted in bile and urine



mainly as glucuronides (11, 43, 55). Although fine details
are lacking, the chemical structures of isolated metabo-
lites are consistent with their formation by an oxidative
degradation of the isoprenoid side chain by an initial
w-hydroxylation followed by a progressive side-chain short-
ening via the B-oxidation pathway (11, 43, 55, 56). It is well
known that the same pathway operates to shorten the side
chains of other isoprenoid quinones, such as ubiquinones
and phytylplastoquinone (55), as well as for vitamin E com-
pounds as discussed in more detail in a previous article in
this theme series (36). In an early study, Thierry and Suttie
(57) noticed that in studies in which rats had been injected
with radiolabeled K;, the specific activity in the mitochon-
dria increased with the total amount of K; administered
while that in microsomes stayed relatively constant. This
suggests that mitochondria take up excess K;, and is consis-
tent with a mitochondrial role in (-oxidation of vitamin K.

One uniting feature of vitamin K and vitamin E me-
tabolism is the finding that the same cytochrome P450 en-
zyme, CYP4F2, carries out w-hydroxylation of both vitamins
(36, 58). A possible connection of the in vivo activity of this
enzyme to the ability to metabolize vitamin K comes from
the observation that patients taking warfarin who possess
the V433M polymorphism of CYP4F2 have an increase in
warfarin dose requirements (59). Furthermore, human
liver microsomes obtained from carriers of this V433M
variant had lower protein concentrations of CYPF2 and a
reduced ability to hydroxylate K; (58). This raises the ques-
tion of whether carriers of this variant have decreased di-
etary requirements for vitamin K compared with individuals
without it.

THE VITAMIN K-EPOXIDE CYCLE

The term “vitamin K-epoxide cycle” or simply “vitamin
K cycle” denotes a metabolic pathway that describes the
cellular recycling of the metabolite vitamin K 2,3-epoxide
(K>0) thatis produced as a by-product during the synthe-
sis of VKD proteins in the endoplasmic reticulum (ER).
The vitamin K cycle is intimately linked to the GGCX and
appears to be present in all cells that synthesize Gla-con-
taining proteins. The cycle comprises two major enzymic
activities: a VKOR activity that converts the epoxide me-
tabolite to the native quinone form and a second vitamin
K reductase activity that reduces K quinone to the K hyd-
roquinone (KH,) (Fig. 2). The second vitamin K reductase
activity is necessary because only KH, can serve as a cofac-
tor for the GGCX. Vitamin K reductase activity is needed
both to reduce recycled vitamin K molecules that have par-
ticipated in y-glutamyl carboxylation in the ER as well as to
reduce “new” molecules of vitamin K that are introduced
into the cycle. Vitamin K is present in foods in its stable
oxidized quinone form, so that before dietary vitamin K
can function it must undergo reduction to KH, either be-
fore or after entry to the vitamin K cycle. Recent evidence,
especially from studies in VKOR knockout mice (60), indi-
cates that VKOR is the main, and probably only, enzyme
that can reduce KO to K in vivo, at least for the hepatic

synthesis of VKD coagulation proteins at physiologically
relevant tissue concentrations of vitamin K. However, the
question of which enzymes are responsible for the physio-
logical two-electron reduction of K to KHj is the subject of
ongoing research and debate.

Discovery and identification of VKOR

It is of interest to reflect that the discovery of both the
vitamin K-epoxide cycle and VKOR arose out of studies of
the metabolism of vitamin K in the late 1960s in an at-
tempt to understand why VKAs such as warfarin prevented
the synthesis of VKD coagulation proteins. At that time the
only VKD proteins known were factors II, VII, IX, and X
and the cofactor function of vitamin K was yet to be discov-
ered. One line of reasoning was that warfarin interfered
with the normal metabolism of vitamin K. In an attempt to
test this hypothesis, Matschiner et al. (61) administered
tracer doses of "H- and "*C-labeled K, to rats and analyzed
the metabolite pattern in the livers of warfarin-treated and
control rats. They found that a new metabolite that was
chemically closely related to K; accumulated in the liver
of warfarin-treated, but not control, rats. This metabolite
could only be resolved from K; by the application of
reversed-phase partition TLC, and after further spectral
analysis and chemical synthesis its structure was shown
to be K;>O (already known to chemists as vitamin K
oxide) (61).

Although Bell and Matschiner (62) initially thought
that K>O was a competitive inhibitor of vitamin K action,
by 1974 it was accepted that warfarin was inhibiting an en-
zyme activity (now known to be VKOR) that was essential
for maintaining a supply of KH, to the GGCX, and that
K>O was itself a coproduct of Gla formation (31). It was
not until 2004 that two groups led by Oldenburg (13) and
Stafford (14) independently identified the gene encoding
VKOR, thus paving the way for studies of the enzyme at the
molecular level. Reassuringly, an identical gene sequence
was revealed using different methodologies. Oldenburg’s
group used a classical cloning approach in patients identi-
fied with hereditary combined deficiency of VKD clotting
factors in humans (with raised plasma K>O concentrations),
or with hereditary warfarin resistance (63). Stafford’s
group made use of siRNA to inhibit VKOR activity in a cell
line expressing sufficient VKOR to be measurable. Both
groups drew on the known genetic mapping of warfarin
resistance in rats (64). In 2006, Stafford’s group described
the purification of VKOR as a single peptide (65). The two
groups who identified VKOR have reviewed the state of
knowledge as at 2008 (66, 67), while a very recent review
provides an excellent independent assessment of structural
and functional controversies of the human enzyme (68).

Drugs that inhibit the vitamin K cycle and function
of vitamin K

A major feature of the vitamin K cycle is that drugs of
several molecular categories, including naturally occur-
ring compounds, have been discovered that prevent the re-
generation of the KHj cofactor. The target of most vitamin
K inhibitors is VKOR, although some coumarins may also
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Fig. 2. Metabolism of vitamin K via the vitamin K-epoxide cycle in the absence (A) and presence (B) of
warfarin. A: In the absence of warfarin, peptide-bound glutamic acid (Glu) residues are transformed to
y-carboxy glutamic acid (Gla) residues by the enzyme y-glutamyl carboxylase (GGCX) shown as enzyme ac-
tivity (1). The active cofactor form of vitamin K required by the GGCX is the reduced form vitamin K quinol
(KHy). During vy-glutamyl carboxylation, the carboxylated substrates (Gla proteins) are secreted into the
circulation and KH, becomes oxidized to vitamin K epoxide (K>O). This epoxide metabolite is reduced to
vitamin K quinone by the enzyme VKOR, shown as enzyme activity (2). Vitamin K quinone is then reduced
to KH, by a vitamin K reductase activity to complete the cycle. The reduction of vitamin K quinone to KHy
may be achieved by VKOR or by a NAD (P)H-dependent activity shown as enzyme activity (3). There are
several candidate quinone dehydrogenases for activity (3). B: In the presence of a VKA such as warfarin, the
activity of the VKOR (2) is inhibited leading to an accumulation of K>O in the cell, and release into the
circulation. As a consequence of VKOR inhibition there is a reduced capacity of the cell to generate suffi-
cient active KH, cofactor to enable the GGCX to carboxylate VKD peptide substrates. This results in the
cellular synthesis of inactive species of undercarboxylated proteins called proteins induced by vitamin K ab-
sence or antagonism (PIVKAs), which for coagulation and bone proteins are secreted into the circulation.
Given a sufficient supply of vitamin K (e.g., from the diet) the alternative quinone reductase activity (3) can
bypass the warfarin inhibition of the VKOR to provide the KH, substrate for the GGCX and hence overcome

the inhibitory action of warfarin, even under extreme blockade.

inhibit vitamin K reductases (see below). Inhibitors of
VKOR are readily identified in vivo by the tissue accumula-
tion and release into plasma of measurable concentrations
of K>O. The principal drug classes known to inhibit VKOR
are 3-substituted 4-hydroxycoumarins and 1,3-indandiones
(31). The pro-hemorrhagic properties of these compounds
were discovered long before VKOR was recognized as the
target enzyme in the 1970s and their use as effective clini-
cal anticoagulants and rodenticides continues to this day.
Their discovery owed much to a hemorrhagic disease in
cattle (sweet clover disease), first described in the 1920s
and which proved the catalyst for the isolation by Karl
Link’s Wisconsin group of the hemorrhagic agent, a bis-
coumarin that they named dicoumarol (69). By 1941
Link’s group had shown that dicoumarol had been pro-
duced by a coupling of two 4-hydroxycoumarin molecules
generated by bacterial action on clover coumarin (69). Al-
though briefly used as a clinical anticoagulant, dicoumarol
was soon superseded by other coumarins (e.g., warfarin,
phenprocoumon, and acenocoumarol) and indandiones
(e.g., phenindione). Other unrelated compounds also in-
hibit VKOR. The most clinically relevant are antibiotics
containing an N-methyl-thiotetrazole side chain (e.g., mox-
alactam, cefamandole, etc.) which in the 1980s were found
to be responsible for a bleeding risk in patients taking
them. These antibiotics are weak inhibitors of VKOR
as shown by findings that they only caused bleeding in
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patients with low serum phylloquinone concentrations
and/or other indications of malnourishment (70). Another
naturally occurring and highly potent inhibitor of VKOR
is ferulenol, derived from Ferula communis (giant fennel),
which is a 4-hydroxy coumarin in which the 3-substituent
comprises three isoprenyl units (71). Ferulenol was re-
ported to be >20 times more potent as an inhibitor of the
VKOR than warfarin (71). The degree of inhibition was
dependent on side-chain length with increasing potency
up to, but not beyond, three isoprenyl units (71).

A paradigm of the nature of the antagonism by cou-
marin anticoagulants in humans and animals is that even
when VKOR is completely inhibited in vivo, the coagula-
tion function (but not necessarily other functions in extra-
hepatic tissues) can be rescued by providing high doses of
vitamin K (72-74). Although physicians were well aware of
the antidotal properties of vitamin K, it was the pioneering
and extensive investigations by Wallin and colleagues that
provided the first insights into the existence and proper-
ties of a vitamin K dehydrogenase that was insensitive to
coumarin antagonists (75-78). In brief, Wallin proposed
that vitamin K reduction could be achieved by two inde-
pendent pathways: a “physiological” disulfthydryl-depen-
dentreductase pathway that was highly sensitive to warfarin
(pathway I) and a NAD(P)H-dependent reductase path-
way (pathway II) that was less sensitive to warfarin and was
responsible for the antidotal effect of vitamin K (73, 78).



Furthermore, in rat liver, pathway II comprised at least two
dehydrogenases (73, 78), both present in microsomes
(76). Recent and informative functional studies of the vita-
min K cycle in mammalian cells are described in more de-
tail below.

VKOR-knockout mice

Significant insights into the in vivo role of VKOR were
recently obtained by investigations of the phenotype of
mice in which the VKOR protein had been abrogated by
knockout technologies (60). Homozygous Vkor ’~ mice
appeared to be normal at birth but all died within 2 to
20 days of birth due to extensive bleeding, mainly in the
brain, caused by severe depletion of carboxylated VKD
coagulation proteins. However, newborn Vkor /™ mice
could be rescued by oral supplementation with K; at a
daily dose of 30-50 wg K;/day. Even at this supra-physio-
logical dosage, VKD clotting factor activities in Vkor *~
mice remained significantly reduced compared with wild-
type animals and heterozygous littermates. Interestingly,
the strategy of maternal supplementation with 100 pg K, /day
(maximum dose 3.5 mg/kg body mass) did not lead to suf-
ficient transfer of K; via breast milk to rescue the neonates.
In addition, the absence of VKOR affected normal skeletal
development with Vkor-deficient animals having a reduced
length of the calcified regions of long bones. This skeletal
phenotype is consistent with the same or similar abnor-
malities that have been attributed to putative disturbances
of the normal functions of bone Gla proteins caused by
use of VKAs during pregnancy (79), mutations of VKOR
(80), maternal vitamin K deficiency (81), and mutations
of matrix Gla protein (MGP) (82).

The lethality of the Vkorknockout at habitual dietary
vitamin Kintakes rules out a redundancy in the existence of
a substitute enzyme in liver that can support y-glutamyl
carboxylation of VKD coagulation proteins and shows the
evolutionary importance of VKOR in maintaining hemo-
stasis. In one sense, the ability to rescue the bleeding phe-
notype of Vkordeficient mice mirrors that of poisoning
with VKAs in that in both conditions supplementing with
higher than physiological amounts of vitamin K reverses
the coagulopathy. At a simplified level, affected individu-
als have higher dietary requirements for vitamin K. Precise
details of the rescue mechanism have yet to be addressed
and although the Vkorknockout informs us that VKOR is
the only liver enzyme that can reduce K>O, it does not tell
us if VKOR is normally responsible for reducing K to KH,.
These issues are further addressed in the sections that
follow.

Probing the function of the vitamin K-epoxide
cycle using cell-based assays

A major problem with carrying out in vitro studies of
VKOR is that topology modeling predicts that the majority
of the amino acid residues are either located inside the ER
membrane or in a hydrophobic region (83). As a conse-
quence, purified recombinant VKOR requires an intact
membrane for its function (65). Recombinant VKOR alone
is sufficient to catalyze the conversion of both K>O to K

and K to KH, in vitro (65), but it remains to be established
whether VKOR carries out both reactions in vivo. It is
also known that both reductions require the same cysteine
residues (132 and 135) at the CXXC active-site motif of
VKOR (84).

In order to circumvent the problems of studying the
vitamin K-epoxide cycle in isolated cell fractions, Stafford
and colleagues recently developed a cell-based reporter as-
say system (85). The reporter protein in this assay was a
chimeric VKD protein in which the Gla domain of protein
C (PC) had been exchanged with the Gla domain of factor
IX (85). This replacement enabled the ready detection of
the factor IXgla-PC fusion protein using a monoclonal an-
tibody that was specific for the carboxylated Gla domain of
factor IX (85). The chimeric reporter protein was then
stably expressed in HEK293 cells and in AVI2 cells. The
reason for choosing HEK293 cells is that they are com-
monly used for the biosynthesis of VKD proteins and re-
combinant PC produced by HEK293 cells is fully
vy-carboxylated. On the other hand, under similar growth
conditions, PC produced by AV12 cells is partially carboxy-
lated with 20% anticoagulant activity compared with plasma-
derived PC. This suggested that HEK293 and AV12 cells
might have different vitamin K pathways for synthesizing
VKD proteins. The results showed that both cell lines se-
creted the carboxylated reporter protein when fed K; or
K;>O, although the AV1 cells did this much less efficiently.
As expected, both cell lines were sensitive to warfarin with
K;>O as substrate (50% inhibition of reporter protein car-
boxylation at 0.1 wM), consistent with the inhibition of
VKOR in the cells. However, if the cells were fed increas-
ing doses of K, instead of K;O, the inhibition of carboxyla-
tion by warfarin could be overcome in HEK293 cells but
not in AV12 cells. In warfarin-treated HEK293 cells, the
requirements for K; to restore maximal carboxylation
were greatly increased from 1 uM to 22 uM, whereas the
highest 22 wM concentration of K; had a minimal effect
on carboxylation in AV12 cells. These experiments con-
firmed that HEK293 cells (but not AV12 cells) possess sig-
nificant warfarin resistant “antidotal vitamin K reductase
activity” that is able to maintain sufficient KH, production
to sustain y-glutamyl carboxylation when the VKOR is
completely inhibited. Another implication of these results
is that AV12 cells contain a warfarin-sensitive enzyme other
than VKOR that converts K to KH, (85).

In a refinement to their cell-based model, transcription
activator-like effector nucleases were used to knockout the
endogenous VKOR activity in HEK293 cells (86). This en-
abled the study of the reduction and possible recycling of
vitamin K in VKOR-deficient cells without using warfarin.
As expected, knocking out VKOR led to a loss of K>O re-
ductase activity but did not affect vitamin K dehydroge-
nase activity. Unexpectedly, after culturing VKOR-knockout
cells for several generations, HEK293 cells almost completely
regained their ability to utilize K>O for y-carboxylation
of factor IXgla-PC, even though VKOR was not being
expressed. However, GGCX activity was again abolished in
HEK293 cells in which both VKOR and its paralog VKOR-like
1 (VKORLI) had been knocked out. The data suggested
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that VKORLI had been responsible for the regained K>O
reductase activity of the VKOR-knockout cells, probably by
induction, and that VKORL1 could reduce K>O as effi-
ciently as VKOR to support y-glutamyl carboxylation (86).
Furthermore, VKORLI showed the same sensitivity to war-
farin inhibition as VKOR (86). Such studies demonstrate
the promise of cell-based assays together with genome ed-
iting for functional studies of the vitamin K cycle.

Probing the mechanism of warfarin resistance

The first report in 1964 of the hereditary transmission
of a resistance to the action of coumarin anticoagulants
was in a family from which the propositus required a
daily warfarin dose that was approximately 15-fold higher
than normal (145 mg) to achieve stable anticoagulation
(87). At around the same time, reports of the spread of
resistance to first generation rodenticides were also
being reported (88, 89) and after the introduction of
second-generation rodenticides (so called superwarfarins) to
these compounds as well (90, 91). The discovery of VKOR
in 2004 as the target protein for VKAs (13, 14) has resulted
in the identification of ~30 mutations in humans (92)
and ~10 in rodents (93) associated with VKA resistance.
Attempts to investigate the molecular basis of warfarin re-
sistance displayed by rodents and humans possessing natu-
rally occurring mutations in VKOR have yielded mixed
and often paradoxical results (13, 92, 93). Until very re-
cently, most studies of the resistance of naturally occurring
VKOR mutants to VKAs have been carried out using an
in vitro VKOR assay in the presence of detergent and using
the nonphysiological reductant DTT to provide the reduc-
ing equivalents to substitute for the presently unknown
physiological reductant(s). Using such VKOR assays, only
about one-third of the missense variants defined as resis-
tant to first generation VKAs have shown the expected de-
gree of resistance in humans (13, 92) or rodents (93-95).
Paradoxically, compared with wild-type VKOR, many ro-
dent and human mutations with a resistant genotype
showed an increased sensitivity to warfarin inhibition in
the DTT-driven assay or very low enzymic activity in the
absence of warfarin (92-95). Up to the year 2012, a total
of 28 spontaneous single mutations in the VKOR coding
sequence had been reported in patients defined from dose
criteria as being warfarin resistant (92). When 25 of these
rare human VKOR mutations were expressed as mem-
brane-bound proteins in Pichia pastoris, only 6 mutations
showed significant resistance to warfarin and 10 showed
almost complete (>98%) loss of activity for converting
K;>O to K|, even in the absence of warfarin (92). One
amino acid site of mutation in VKOR that has consistently
shown both resistance to warfarin and normal activity for
at least four different substitutions in rodents (93) and
humans (92) is tyrosine139. This mutation hotspot is part of
the hydrophobic sequence Thr-Tyr-Ala, which is also found
in the NAD(P)H-dependent oxidoreductase (NQOI1), an-
other enzyme that is sensitive to coumarin VKAs (see sec-
tion on this enzyme below). In NQOI, tyrosinel39 has
been identified as the dicoumarol binding site (96), and
based on the consequences of mutations in rodents (93)
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and humans (97), tyrosine139 has also been proposed as
being important for the binding site of VKAs to VKOR.
At the time of these studies, the lack of apparent activity
of many other VKOR mutations was difficult to explain.
Clearly if reproduced in vivo, it is difficult to conceive how
affected animals and humans with such an inactive VKOR
could generate sufficient vitamin KHj for synthesis of co-
agulation Gla proteins, particularly given the new knowl-
edge that Vkorknockout mice die of fatal bleeding shortly
after birth (60). For resistant rodents, it has been sug-
gested that evolutionary pressure might have given rise to
upregulation of other pathways for the generation of vita-
min KH, for which there is some evidence (93), but it was
difficult to explain inactivity of VKOR variants in humans
with clinical resistance to VKAs (92). One possible expla-
nation is that these data reflect the artificiality of the DTT-
driven VKOR assay.

Recently, more physiologically representative methods
for assessing structure-function relationships of VKOR
variants in humans or animals with a warfarin-resistant
phenotype were independently introduced by the groups
of Oldenburg (98) and Stafford (86). Both groups ex-
pressed putative resistant variants of VKOR in HEK293
cells in which either full-length factor IX (98) or factor
IXgla-PC (86) had been coexpressed as the reporter for
VKOR activity. One difference was that Stafford’s group
knocked out both VKOR and VKORLI in HEK293 cells to
eliminate endogenous K>O reductase activity (86). In con-
trast to the in vitro assay data described above, these cell
systems showed much better correlations of 1Cy, values with
warfarin dosage requirements in patients (86, 98). How-
ever, 5 out of 10 variants that previously had been found to
be associated with a resistant phenotype in humans (92)
did not show resistance when expressed in cells with the
double-gene knockout (86). This suggested that other fac-
tors apart from VKOR activity were responsible for warfa-
rin resistance. Again, in marked contrast to previous in
vitro data (92), all variants had a basal activity (i.e., in the
absence of warfarin) that was similar to wild-type cells
(86, 98). Importantly, all 10 VKOR variants previously re-
ported to have no basal activity in the DTT-driven in vitro
assay (92) were found to be fully active in a cell-based assay
(86). This is consistent with findings in patients or rela-
tives harboring warfarin-resistant heterozygous VKOR mu-
tations who, when not taking warfarin, showed no evidence
of defective VKOR function as judged by the absence of
detectable undercarboxylated factor II or K;>O (99).

Targeting which dehydrogenase(s) reduce vitamin K to
vitamin KH, in vivo

VKOR. Given that several vitamin K dehydrogenases
have been implicated in the reduction of vitamin K, the
identity of the enzyme(s) carrying out this reduction ei-
ther in the presence or absence of warfarin remains to be
established. One candidate is VKOR itself. VKOR is known
to be capable of the reduction of vitamin K (65, 66), al-
though a study with purified VKOR indicated that the rate
of conversion of K;>O to K; was approximately 50-times
faster than the rate for K; to K;Hy (65). To investigate the



role of VKOR in their cell-based assay system, Tie et al.
(85) expressed (transiently and/or stably) a warfarin-resis-
tant VKOR mutant (Tyr139Phe) in HEK293 and AVI2
cells that also stably expressed the factor IXgla-PC re-
porter. VKOR function was tested by feeding the trans-
fected cell lines with K;>O in the presence of an inhibitory
concentration of warfarin. As expected, the mutant VKOR
in HEK293 cells readily overcame warfarin inhibition
and produced significant amounts of reporter protein, al-
though this did not distinguish whether HEK293 cells
were utilizing the warfarin-resistant VKOR mutant for this
reaction or the antidotal enzyme. In contrast, the trans-
fected AVI12 cells failed to produce significant reporter
protein when fed K;>O and warfarin K despite the fact
that the Tyr139Phe mutant VKOR was shown to be active
in AV12 cells in the absence of warfarin (85). Tie et al.
(85) reasoned that if the VKOR were the major physiologi-
cal contributor to the conversion of K; to KHj, then the
AV12 cells should have produced significant carboxy-
lated reporter protein as observed in HEK293 cells. The
results supported the hypothesis that the in vivo function
of VKOR is to convert K>O to K and that a second enzyme
is required to convert K to KH,, the latter conclusion be-
ing in agreement with the much lower in vitro activity of
VKOR for vitamin K reduction (65). Another unexpected
implication of the behavior of the AV12 cell line is that the
enzyme that converts K to KHy, must be warfarin sensitive.

NQOI. Another long-known candidate for vitamin K re-
ductionis NQO1 (EC1.6.5.2), also known as DT-diaphorase.
NQOL1 is a flavoprotein that catalyzes the two-electron
reduction of several quinones including vitamin K (100-
103). It is ubiquitously present in tissues with high con-
centrations in the livers of most animals and can utilize
both NADH and NADPH as electron donors. The enzyme
is located mainly in the cytosol (>90%), but some is associ-
ated with mitochondria and microsomes (101). The dis-
covery in the 1960s that NQO1 was strongly inhibited by
dicoumarol (100), proved a useful tool in studies of the
enzyme, and was probably the catalyst for the idea that
NQO1 may be involved in the in vivo reduction of vitamin
K. NQOLI is also inhibited by coumarin and indandione
derivatives, but dicoumarol remains the strongest known
inhibitor of NQO1 (101, 104), and interestingly far stron-
ger an inhibitor than warfarin (78, 105) or even the second-
generation VKA (superwarfarin) difenacoum (78), which
is 10-fold more potent as an anticoagulant than warfarin
in vivo (106).

Quinones lacking a side chain, of which menadione is a
good example, are the most active electron acceptors for
NQOI, and the activity decreases with increasing length of
the side chain (101). Early studies by Martius, Ganser, and
Viviani (107) showed that detergent (Tween)-solubilized
K; and MK-3, -4, -6, and -9 reacted with the enzyme slowly
but incorporating the vitamin into liposomes greatly en-
hanced the rate of reduction.

Wallin’s group showed that selective immunoadsorp-
tion of NQOI from solubilized rat microsomes completely
abolished the warfarin-sensitive dehydrogenase activity (75),

but neutralized only 50% of GGCX activity in a system
driven by addition of K, + NADH (75, 76, 78). Adding back
purified NQOI1 or K;H, restored GGCX activity. These
experiments provided evidence that in rats, NQOI con-
tributed ~50% of the total NADH-supported dehydroge-
nase activity of pathway II; the remaining activity that
was immunologically distinct to NQO1 was attributed to
unknown microsomal dehydrogenase(s) (78). Because
NQOl is known to be sensitive to coumarin drugs, Wallin
reasoned that the unknown microsomal dehydrogenase (s)
was responsible for the coumarin-resistant dehydroge-
nase activity that could counteract the effects of coumarin
drugs (78). The finding that the specific activity of NQO1
in human liver represents <1% of the activity in rat liver
(77) suggests that the coumarin-sensitive NQO1 plays only
a minor role in the dehydrogenase pathway II for vitamin
Kreduction in humans, certainly in the presence of warfa-
rin but probably also in its absence (74, 77, 78). Recent evi-
dence that NQOI is not the antidotal enzyme of pathway
IT in HEK293 cells was obtained by Stafford’s group who
showed that dicoumarol strongly inhibited reporter pro-
tein y-carboxylation when K>O was the vitamin K source,
but not when vitamin K was fed to the cells (85).

It has been reported that NgoI-null mice do have bleed-
ing problems suggesting the nonessentiality of NQOI1 for
supporting y-glutamyl carboxylation (103). Very recently,
Ngol-null mice were utilized to assess the contribution of
NQOL1 to the reduction of vitamin Kin greater depth (108).
First it was shown that mice given a lethal dose of warfarin
could be rescued by concomitant administration of supra-
physiological doses of K; with 100% survival rates for both
Ngol-deficient and wild-type mice (108). Second, in vitro
measurements of the conversion of K; to KHy by Ngol-
deficient mouse microsomes demonstrated a warfarin-
resistant dehydrogenase activity that was distinct from
VKOR and required NAD(P)H and manganese as cofac-
tors. The identity of this microsomal enzyme (s) is unknown,
but the fact that (like NQOI) it requires pyridine nucle-
otides argues against NQO?2 as a candidate, while its lack of
warfarin sensitivity argues against VKORLI (108).

VKORLI. During the identification of VKOR, Olden-
burg and colleagues reported that the vertebrate genome
contains a second gene that encodes for a paralogous
VKORLI (13). VKORLI is more highly conserved among
vertebrates than VKOR (109) and, like its counterpart, is
localized to the ER (110). In a study of the properties of
VKORLI in crude HEK293 cell membranes, Westhofen
etal. (110) showed that VKORLI was capable of reducing
epoxides of both K; and MK-4 to their respective quinones.
However, the affinity of VKORLI1 for K;>O and MK-4>0
substrates was about 2- and 7-fold lower than their af-
finities for VKOR (110). Their attempt (110) to compare
turnover number (kcat) for K;>O reduction by VKORLI1
with the turnover number for VKOR previously deter-
mined by Chu et al. (65) appears to be flawed because the
VKORLI1 calculation is based on the amount of total
protein rather than the amount of VKORLI enzyme. On
this basis, their conclusion that the reduction of K;>O by
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VKORLI is >4 orders of magnitude less efficient than for
VKOR (110) has been questioned (86). Nevertheless, the
reasoning that VKOR has evolved a greater efficiency for
reducing vitamin K epoxides than VKORLI (110) is cer-
tainly supported by the failure of VKORLI activity to sub-
stitute for the loss of VKOR activity in Vkor /™ mice, at least
for hepatic coagulation factor synthesis (60). On the other
hand, experiments in cultured HEK293 cells showed that
VKORLI reduces K>O as efficiently as VKOR to support
v-glutamyl carboxylation (86).

Westhofen et al. (110) also showed that VKORL1 was
capable of reducing K; to K;H, and hypothesized that the
primary role of this paralog enzyme was to carry out the re-
duction of vitamin K quinones. This hypothesis was not
based on measurements of reductase activity per se, but on
experiments that suggested that KH, produced by VKORL1
serves an intracellular antioxidant function. A fuller consid-
eration of the possible antioxidant functions of vitamin K is
given in the section below entitled “Other putative roles of
vitamin K dehydrogenases and epoxide reductases.”

Evidence that VKORLI may indeed be important for re-
cycling vitamin K in some extrahepatic tissues has recently
emerged (111). To assess the functional properties of
VKORLI1, human and rat VKOR and VKORLI1 were over-
expressed in Pichia pastoris. This showed that in the DTT-
driven VKOR assay, human VKORLI was more effective in
reducing K>O than human VKOR, although the reverse
was found for the rat. However, a major finding was that
the rat and human VKORLI proteins were 50- and 30-fold
more resistant to warfarin than their respective VKOR pro-
teins. Real-time PCR showed that Vkorll mRNA in rats was
expressed in all tissues analyzed, but the ratio to Vkor
mRNA varied by tissue. Liver tissue showed the highest
Vkor mRNA with a relative expression ~10-fold higher
than that for Vkorll. In extrahepatic tissues, the expression
of Vkor mRNA was much lower than found in the liver (4- to
8-fold lower in kidney, lung, and testis, and 30-fold lower
in the brain) and in some extrahepatic tissues such as
brain and testis, Vkorll mRNA exceeded that for Vkor. A
similar expression pattern was seen for mouse tissues. No-
tably, the expression of VkorlI transcripts in liver, lung, and
testis of wild-type mice was the same as in highly vitamin
K-supplemented Vkor /~ mice. The significance of the dif-
ferent tissue expression of Vkorll and Vkor mRNA was fur-
ther investigated by measuring K;>O reductase activity in
the livers and testis of wild-type and Vkor /~ mice. The re-
sults showed that the K;>O reductase activity of liver mi-
crosomes in Vkor /~ mice was almost undetectable and
represented only 2.9% of K;>O reductase activity of wild-
type mice. On the other hand, testis microsomes from
Vkor '~ mice retained 35% of the original total K;>O re-
ductase activity of wild-type animals, an activity that was
attributed to VKORLI1 and which, like VKOR, was blocked
by high dose (100 wM) warfarin. Similar measurements of
K,>O reductase activities were carried out in rat tissues
with increasing concentrations of warfarin. This showed
that the susceptibility to warfarin varied between tissues.
Based on the warfarin data, the authors developed a
mathematical model to predict the proportion of K;>O
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reductase activity that was catalyzed in each rat tissue by
VKOR or VKORLI during anticoagulation with warfarin.
The model predicted that whereas VKOR supported >90%
of K;>O reductase activity in liver, kidney, and brain,
VKORLI supported >50% of the activity in testis and rat
osteosarcoma cells, and >20% in lung (111). The authors
hypothesized that this different tissue susceptibility to
VKASs and rescue by VKORLI may partly explain why it has
been difficult to find serious side effects of warfarin that
are attributable to lack of VKD functions in extrahepatic
tissues. Examples given by the authors were possible ef-
fects of VKAs on bone and cardiovascular health medi-
ated by inadequate carboxylation of osteocalcin and MGP.
Such a hypothesis is very difficult to verify. It needs to be
remembered that therapeutic anticoagulation does not
block, but only lowers, the y-glutamyl carboxylation status
and hemostatic potential of hepatic Gla proteins and the
same is equally true for extrahepatic Gla proteins. Finally,
Vkor '~ mice did show evidence of skeletal abnormalities
characteristic of vitamin K deficiency or VKA antagonism,
which was obviously not prevented by VKORLI.

It is worth mentioning that the relative expression of
Vkorll mRNA was higher than for Vkor mRNA in brain,
testis, and osteoblast-like cells (111), while previous data
for MK~ distribution shows that brain and bone (testis not
measured) also have higher ratios of MK-4 to K, (51). Also,
the lowest ratio by far of Vkorll to Vkor expression was
found in the liver (111), which is also the organ with the
lowest ratio of MK-4 to K; (51). It might be worth investi-
gating whether MK-4 is the favored substrate for VKORLI,
although the relative in vitro affinity data for K;>O and
MK-4>O substrates does not support this (110).

Other putative roles of vitamin K dehydrogenases and
epoxide reductases

Detoxification role of NQOI. As already mentioned,
NQOI catalyzes the two-electron reduction of quinones.
In the case of vitamin K compounds, apart from support-
ing physiological redox functions, NQO1 may promote
their detoxification by forming relatively stable hydroqui-
nones and facilitating conjugation reactions (101, 103).
Whereas extra-dietary supplements or pharmacological
doses of naturally occurring K; and MK are not associated
with any known harmful effects in humans, high doses
of menadione are associated with well-described dose-
dependent toxic reactions, especially in newborn infants
(112, 113). Toxic reactions to menadione commonly in-
clude hemolytic symptoms that may lead to severe hemo-
lytic anemia and are explained by the well-described
cytotoxic properties of menadione (112, 114, 115). The
cytotoxicity of menadione (and other quinones) is attrib-
uted to two principal mechanisms: production of reactive
oxygen species (ROS) through redox cycling and aryla-
tion of nucleophilic compounds such as thiols (114-116).
The toxic arylation properties of menadione are explained
by the high reactivity of the unsubstituted 3-position en-
abling reaction with free and protein bound thiols to
form thio ethers (116, 117). Because of this strong cyto-
toxicity, menadione has been widely used as a model



compound to study oxidative stress in mammalian systems
(114-116, 118).

Menadione is one of the most avid electron acceptors
for NQOI1 ever tested (100, 101), and its two-electron
reduction to the hydroquinone has been proposed as a
detoxifying pathway for menadione (101, 114, 115). Im-
portantly, the two-electron reduction of menadione does
not generate unstable semiquinone and ROS, and thus af-
fords protection against cellular damage induced by oxi-
dative stress (101, 103, 114). Support for the importance
of NQOL to the detoxification of menadione comes from
studies in Ngol-null mice, which demonstrate increased
menadione toxicity as compared with wild-type mice (119).
In addition, the inhibitor of NQO1 dicoumarol potenti-
ates menadione and other quinone toxicity in vivo and in
cell cultures (101, 114).

Added credence for a possible role of NQOI1 in physio-
logical vitamin K metabolism comes from new evidence
that menadione is a naturally occurring intermediate in
the cellular conversion of phylloquinone to MK-4 (15,
120-122). The extent of possible natural menadione pro-
duction in the body is shown by the findings that 1-5% of
an administered dose of K; or MK-4 was excreted in hu-
man urine as menadione metabolites within 24 h (for
more details see section below on menadione as an inter-
mediate of MK-4 biosynthesis).

Possible antioxidant role of VKORLI. Vitamin K in its
reduced form, KHy, is known to be a potent radical-scav-
enging species (123). Based on the suppression of lipid
peroxidation in rat liver microsomes, Thijssen and cowork-
ers had suggested in 1997 that the vitamin K epoxide cycle
could provide a localized defense against free radicals in
its ER membrane environment (124). This suggestion was
based on experiments that showed that hydroquinones of
K; and MK-4, but not their quinones, effectively suppressed
lipid peroxidation reactions induced by pro-oxidants in
rat liver microsomes (124). However, the antioxidant re-
sponse was completely abolished by 2-chloro-phylloqui-
none (chloro-K;) and by warfarin, which are inhibitors of
GGCX and VKOR, respectively. These findings demon-
strated the need for a functional vitamin K-epoxide cycle
and that the radical-scavenging vitamin K species was be-
ing continually regenerated (124).

In our previous review (11), we described the interest-
ing later findings of Li et al. (125) that both K; and MK-4
could protect developing oligodendrocytes and neurons
against oxidative injury and ROS generation that had been
induced by glutathione depletion. This effect differed
from the findings of Thijssen’s group (124) in that the
antioxidant activity was not inhibited by chloro-K; or by
warfarin, showing that the protective effect of vitamin K
compounds was independent of y-carboxylation and recy-
cling of vitamin K by VKOR, the only enzyme known to
possess this function at the time. However, the possibility
that the effect was mediated by KH, generated by other
pathways was not ruled out (125). Another pathway, which
leads to oxidative damage, is the release of arachidonic
acid, which induces cell death through the activation of

12-lipoxygenase (12-LOX). Since their earlier study, Li,
Wang, and Rosenberg (126) have shown that both K; and
MK-4 in the nanomolar range inhibit 12-LOX activation
and prevent ROS accumulation and oxidative death in de-
veloping oligodendrocytes. Vitamin K compounds did not
interact directly with 12-LOX, but probably act upstream of
its activation by an as-yet unidentified mechanism (126).

Taking into account this earlier work, and the proper-
ties of VKORLI from their own work, Westhofen et al.
(110) hypothesized that the apparent independence of
antioxidant protection of vitamin K from the VKOR might
be explained if this paralog enzyme was carrying out the
synthesis of KH,. They therefore investigated the ability of
VKOR and VKORLI to protect against oxidative stress in
cultured HEK293 cells overexpressing these enzymes.
Cells subjected to hydrogen peroxide-induced oxidative
stress showed dramatic increases in K>O reductase activity
and in the short-term showed upregulation of VKORLI
expression and downregulation of VKOR expression. In
addition, the viability of cells growing without imposed
oxidative stress was increased by both K; and MK-4, but
not by ubquinone-10, and was specifically dependent on
VKORLI expression. Finally, the level of expression of
VKORLI positively correlated with the reduction in intra-
cellular ROS induced by chemical agents, and inversely cor-
related with oxidative protein damage (110). Based on
this data, Westhofen et al. (110) proposed that the primary
role of VKORLI is to reduce vitamin K and thus to provide
a VKD mechanism to provide universal tissue protection
against oxidative injury.

BIOSYNTHESIS AND CELL BIOLOGY OF MK-4

Discovery of UBIADI as a novel MK-4 biosynthetic
enzyme

The potential transformation of K; to MK-4 has been
studied since the 1950s and was reviewed extensively in
our previous review (11). At this time, Okano et al. (127)
had used NMR and LC-MS/MS technology to show that
oral administration of deuterium-labeled menadione or
K, led to accumulation of MK-4 in the brains of experi-
mental mice. When both ring and side chain deuterated
K, was used as the substrate, the side chain of the MK-4
formed was unlabeled suggesting that the side chain had
been completely removed and replaced, presumably with
geranylgeranyl pyrophosphate as the source of the side
chain (127). Since then, the same group has gone on to
attribute this conversion to the enzyme UBIAD1 (15). The
organ of choice in this study was bone, as opposed to brain,
reflecting the weight of literature on vitamin K in bone at
the time, although brain is also rich in MK-4 (50-52). The
authors speculated that the enzyme responsible for the
conversion might be a mammalian homolog of one of
the bacterial enzymes that are involved in the biosynthesis
of MK-4, and considered two candidate mammalian genes,
UBIAD1I and COQ2. COQZ2is a human homolog of a yeast
prenyl transferase and UBIADI is the human homolog of
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Escherichia coli MenA; the latter encodes the enzyme that
converts 1,4-dihydroxy-2-naphthoic acid to dimethylme-
naquinone, though the human gene had no known func-
tion. The ability of these genes to encode for the enzyme
that synthesizes MK-4 was tested using stable isotope sub-
strates of menadione or MK-4 and siRNA inhibition in cul-
tured MG-63 cells. UBIADI siRNA strongly inhibited this
conversion while COQ2 siRNA did not. When cells were
transfected with a UBIAD1 expression vector, the produc-
tion of MK-4 was enhanced. Furthermore, the insect cell
line Sf9 had no intrinsic conversion activity, but could
produce MK-4 when transfected with the expression vec-
tor. UBIADI is located in the ER and is not inhibited by
warfarin (15).

Menadione as an intermediate and circulating precursor
of tissue MK-4 biosynthesis

As discussed earlier (see section above on storage and
catabolism), MK-4 has an unusual tissue distribution with
high concentrations in some tissues (e.g., brain, kidney,
and pancreas) and low concentrations in others (e.g.,
plasma and liver) (50-52). This uneven distribution raises
the question of whether MK-4 is synthesized from K,
locally or is transported to the target tissue from another
site such as the liver or intestine, either as MK-4 or as a
precursor such as menadione (50-52). The recent discov-
ery of UBIADI clearly showed that this enzyme has a strong
activity for prenylation of menadione but much weaker
activity for phytyl side-chain cleavage (15). This raises
questions of whether UBIAD1 has the capacity to generate
sufficient menadione from K, to account for the high
MK-4 concentrations in some tissues and whether an-
other enzyme (s) besides UBIADI catalyzes the removal of
the side chain, possibly in tissues distant from the site of
prenylation. The likelihood of different cleavage and pre-
nylation sites is supported by evidence that, although a
number of cell lines readily convert menadione to MK-4
(120, 121, 127, 128), the same cell lines showed either
no (120, 121, 128) or some (127, 128) capacity to utilize K
as a substrate. As pointed out by Thijssen et al. (120), a ca-
veat to some previous observations of MK-4 synthesis from
K, in cell culture or in vivo is that commercial prepara-
tions of K, contain traces of menadione. This failure to
demonstrate conversion of K; to MK-4 in cell culture in-
cluded pancreatic cell lines (120), which, based on the
very high capacity of the pancreas to accumulate MK-4
(50-52) and to utilize menadione as substrate might have
been expected to possess high activity for side-chain cleav-
age (120). Until the recent identification of a candidate
mammalian enzyme that could remove the phytyl side
chain, one hypothesis was that side-chain cleavage of K
was carried out by the intestinal microflora, but this was
discounted by studies showing that germ-free rats carry
out MK-4 synthesis from K; as efficiently as control animals
(128, 129).

The first in vivo evidence that the alkyl side chains of
vitamin K could be completely cleaved in humans was a
study by Thijssen et al. (120), who showed that oral admin-
istration of K;, MK-4, or MK-7 rapidly stimulated the urinary
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excretion of menadione. Importantly, menadione excre-
tion was not increased above basal concentrations when K;
was given as a subcutaneous injection indicating that intes-
tinal absorption is required for menadione formation
(120). The same investigators hypothesized that side-chain
cleavage most likely occurred within enterocytes and that
the released menadione was transported to target organs
for MK-4 synthesis (120). The necessity for intestinal
metabolism was subsequently confirmed in stable-isotope
studies that showed that brain synthesis of MK-4 in mice
occurred only after oral or enteral administration of K,
and not after direct injection into the blood stream or into
the brain ventricles (127).

Direct evidence that menadione is an intermediate of
MK-4 synthesis was obtained by the detection of labeled me-
nadione in both urine and serum within 1 day of feeding rats
with deuterium-labeled collard greens (121). In addition the
finding that the de novo labeled MK-4 detected in various
tissues carried the deuterium label in the naphthoquinone
ring, but not the side chain, confirmed the need for phytyl
side-chain cleavage prior to MK-4 synthesis (121). Interest-
ingly, measurements of both labeled and total MK~ in indi-
vidual tissues showed that the overall concentration of MK-4
in some tissues (including testes, brain, and visceral fat) re-
mained constant, although the proportion of labeled MK-4
in the same tissues had increased after feeding labeled K;.
This suggested that these tissues have some means of regu-
lating their MK-4 concentrations. Other tissues had fluctuat-
ing levels of MK-4, which seem to respond to the dietary
availability of K; (121).

Very recently, a new study from Okano’s group has pro-
vided definitive evidence that a small proportion of dietary
phylloquinone is converted to menadione in the intestine
and transported to tissues where it is prenylated to form
MK-4 (122). Experiments were done with rats in which ves-
sels transporting blood and lymph were cannulated allow-
ing their contents to be sampled and analyzed at various
time points after the oral administration of deuterium-
labeled K;. The sensitive detection of menadione in tissues
was achieved by either high-resolution MS or by a novel
bioassay using recombinant UBIADI protein. Labeled me-
nadione appeared in the thoracic lymph duct by 1 h after
administration of K;, and peaked at about 5 h, which was
about 2 h later than the peak for labeled K;. Quantitatively,
approximately 2 and 0.1% of the absorbed labeled K; was
converted to menadione and MK-4 in the intestine, re-
spectively. Analysis of representative organs showed high
concentrations of deuterium-labeled MK-4 in the cere-
brum, and low concentrations in the liver in which the la-
bel was predominately found as K;. This is in agreement
with the distribution of unlabeled compounds in previous
studies (50-52). The authors also showed that rat intesti-
nal IEC-6 cells were capable of removing the side chain of
K, to generate menadione, which could be converted to
MK-4. This has been observed only rarely in other studies
with cultured cells, and is possibly due to the higher sensi-
tivity of the methods used here to detect the conversion of K;
to MK-4. It was also demonstrated that menadione has to
be in the hydroquinone form in order to be prenylated by



UBIADI and that an unidentified redox enzyme in the tis-
sues carries out this reduction. On the basis of their latest
data and previous studies, Okano and coworkers (122)
proposed a working hypothesis for MK-4 biosynthesis from
K; which proposes that menadione is released from K; in
the intestine, the free menadione delivered via the mesen-
teric lymphatics into the blood and then transported to
peripheral tissues where menadione is reduced to mena-
diol and prenylated to MK-4 by UBIAD1 (Fig. 3).

Cell biological effects of UBIAD1 and its product MK-4

An insight into the role of MKs in eukaryotic cells came
from the use of a novel genetic approach to show that the
gene heixuedian (heix), a Drosophila homolog of mamma-
lian UBIADI, acts as a modifier of pinkl which encodes a
mitochondrial kinase and which in humans is often mu-
tated in individuals with Parkinson’s disease (130). Heix
mutants that had defects in their mitochondrial electron
transport could be rescued by the addition of MK-4 to
the medium on which Drosophila larvae were grown, sug-
gesting that it can act as a mitochondrial electron carrier
facilitating ATP production in purified preparations of mi-
tochondria. It thus appears that MK-4 may have a role in
the mitochondrial electron transport chain of Drosophila as
in prokaryotes, but it has not been established whether it
may have a similar role in humans.
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Fig. 3. Scheme showing the putative catabolism of K; to menadi-
one (MD) in the intestine, its uptake into the blood via the mesen-
teric lymphatic system and delivery to target tissues for local
synthesis of MK-4 by UBIAD1. Taken from (122) with permission of
authors.

In a further development, UBIADI has been implicated
in the maintenance of endothelial cells in the vasculature of
zebrafish (131). In a study of the reddish (reh) mutant ze-
brafish, Hegarty, Yang, and Chi (131) found that embryos
appear to develop a normal vascular system initially but
then experience a degeneration of the blood vessels and
hemorrhages in areas of the head by 48 h followed by car-
diac edema and death. Genetic analysis of the reh mutant
locus pointed to the ubiadl gene causing a Leu65GIn sub-
stitution in a transmembrane region of the protein. Loss of
UBIADI function in zebrafish embryos induced by the in-
jection of antisense oligos resulted in a similar vascular phe-
notype to the reh mutants. When reh embryos were injected
with wild-type wbiadl mRNA, a significant percentage of
them were rescued from the vascular phenotype, while in-
jection of reh’™ ubiadl mRNA, which is the transcript of the
reh mutant ubiadl gene, failed to rescue embryos.

The role of MK-4, the product of the UBIADI enzyme,
in vascular maintenance was first investigated in wild-type
embryos by blocking the reduction of oxidized forms of
vitamin K with warfarin (131). This caused a similar cra-
nial hemorrhage and vascular phenotype to the res mu-
tants and the ubiadl knockdown embryos except that they
did not develop cardiac edema. This phenotype could be
rescued by treatment with either MK-4 (94%) or by K,
(75%). The greater efficiency of MK-4 compared with K,
was also seen when the compounds were used to treat the
reh mutants. Embryos were injected at 36 h postfertiliza-
tion and 12 h later 58 % of MK-4-treated embryos had been
rescued compared with only 6% of those treated with K;.
This may suggest that K; needs to be converted into MK-4
in order to enable the rescue, hence the relatively low
number of reh embryos that appeared normal after K; in-
jection. It is interesting that the vascular and cardiac phe-
notypes differed in their responses to either targeted
expression of ubiadl or injection with vitamin K. Neither
K; nor MK-4 was able to rescue the cardiac phenotype,
which may imply that UBIADI could also have non-VKD
means of regulating cardiac development and function.

Missense mutations in the UBIADI gene have been
linked to the autosomal dominant disease, Schnyder cor-
neal dystrophy, that causes slow deposition of cholesterol
in the cornea and loss of transparency of the tissue. Sev-
eral of these mutations lead to modest reductions in
MK-4 synthesis by microsomal fractions of cell lysates
from Schnyder corneal dystrophy subjects compared with
normal controls, though the physiological significance of
this is unknown (132). There is also some evidence based
on yeast two-hybrid screening and immunoprecipitation
that UBIADI interacts directly with the cholesterol meta-
bolic and storage enzymes HMGCR and SOAT1 (132).
Although there is no supporting evidence of direct pro-
tein-protein interaction from other laboratories, this is in
agreement with the effects of MK-4 on the steroid and
xenobiotic receptor (SXR) target genes (see below).

UBIADI1, MKs, and cancer

The gene UBIADI had also been previously identified
independently as a tumor-suppressor gene referred to as
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transitional epithelial response gene 1 (TERET), whose ex-
pression is reduced or absent in many bladder, prostate, or
renal tumors (133). This was many years before the prenyl-
transferase function of UBIAD1 was known. TERE1 ex-
pression was found to be greatly reduced in many prostate
tumors, often absent as protein in metastatic prostate tu-
mors, and when its expression was induced in prostate car-
cinoma cell lines, their rate of proliferation was greatly
reduced (134). In arecent study, TERE] transcript and pro-
tein expression was inversely related to cholesterol synthesis
in a cell culture model of castration-resistant prostate can-
cer, using the cell line LnCap-C81 (135). The mechanism
was predominantly through genes regulated by the SXR
nuclear hormone receptor which is downregulated in this
cell line compared with the parental line from which it was
derived (135). Groups of genes involved in the hydroxyla-
tion and cellular efflux of cholesterol and in steroid catabo-
lism were all induced by the expression of TERE] protein
or the addition of MK-4 to the cells implying that UBIAD1/
TERE1 links cholesterol metabolism and the castration-re-
sistant prostate cancer phenotype through its product MK-4
(135).

In our earlier review (11), we covered the effects of MK
on certain types of cancer cells. Some of these anti-cancer
properties of MK have been attributed to the induction of
apoptosis in cancer cells (136), but no mechanism has been
established. One recent study has claimed that MK-2, a com-
pound not widely known in living organisms, but which has
been found to induce apoptosis in certain leukocyte cell
lines, can actually interact with the protein Bcl-2 antagonist
killer 1 (Bak) (137). Karasawa et al. (137) claim that MK-2
epoxide forms a covalent bond with the thiol group of Cys-
166 of Bak and also that both MK-2 and MK-2 epoxide form
anoncovalent interaction with a different part of Bak. How-
ever no mechanism for the covalent bond formation was
found, the reaction could not be recapitulated in vitro, and
the finding remains to be substantiated.

MKs and bone metabolism

Much of the diverse literature on vitamin K and bone me-
tabolism has been carried out using MK+4, its geranylgera-
nyl side chain, or related molecules, and the results reported
have not always been entirely in agreement. This is probably
due to the different experimental systems used and indi-
vidual approaches taken by different labs, but the recurrent
theme has been that MK-4 and its derivatives generally sup-
press osteoclastogenesis and favor bone formation by osteo-
blasts [see Shearer and Newman (11)]. MK-4 has been used
clinically to treat postmenopausal osteoporosis in Japan for
around 30 years, which probably explains why it has been
the subject of so much scientific attention in Japan. How-
ever in recent years other MKs have been studied too, in
particular MK-7, and it remains unclear whether the mo-
lecular action of these compounds is due to the side chain,
the naphthoquinone ring, or both.

In our previous review of this topic (11), we mentioned
the significance of an apparent inhibition of the transcrip-
tion factor NF-kB by MK~4 in hepatocellular carcinoma cell
lines (138), and also of how MK-4 or its geranylgeranyl
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side-chain derivatives seemed to modulate bone resorption
and formation through the activities of osteoclasts and osteo-
blasts in bone. Since then, it has been reported that a dif-
ferent MK, MK-7, suppresses the activation of NF-kB in
preosteoclasts and osteoblasts and thereby both opposes
bone resorption through the formation of osteoclasts and
stimulates the creation of new bone matrix (139). In cell
cultures of preosteoblastic MC3T3 cells, MK-7 dose-depend-
ently promoted differentiation and mineralization, while in
monocytes stimulated to differentiate into osteoclasts with
RANKL, MK-7 suppressed osteoclast formation. In MC3T3
cells, MK-7 could overcome the opposing effect of another
soluble factor, TNF«, which is known to inhibit osteoblastic
differentiation. MK-7 was shown to suppress the activation
of NF-kB in both cell types through the elevation of the
mRNA and protein of its inhibitor IkBa, but apparently
without altering its phosphorylation state (139).

SUMMARY AND FUTURE PERSPECTIVES

In reviewing the literature on vitamin K metabolism
over the last 5 years, we consider that the most significant
advances have been made in delineating the importance
and mechanisms of either cellular vitamin K recycling or
the de novo mammalian synthesis of MK-4. In both areas,
new knowledge has been driven by the introduction of
new models and techniques.

Studies of Vkor /~ mice that do not survive after birth
have shown, for the first time, that the VKOR enzyme plays
a life-preserving role in salvaging vitamin K molecules that
have been metabolized to K>O during the synthesis of
VKD coagulation proteins in the liver (60). In the future,
this Vkorknockout model offers a way of quantifying nutri-
tional requirements for hepatic and nonhepatic VKD
functions in the presence and absence of functional vita-
min K recycling. This has direct clinical relevance, for ex-
ample, to vitamin K treatment and maintenance in patients
in whom recycling is completely blocked by VKAs, espe-
cially in patients poisoned by long-acting superwarfarin
rodenticides. In the light of the importance of vitamin K
recycling to newborn mice, studies are also indicated to
understand the extent to which impaired recycling con-
tributes to the known susceptibility of human newborns to
vitamin K deficiency. This increased risk of deficiency in
the first 6 months of life has led to universal acceptance of
the need for vitamin K prophylactic regimens to prevent a
few susceptible infants from developing a potentially life-
threatening bleed with the brain being a common bleed-
ing site. The possible contribution of already identified
VKOR genetic variants to newborn risk is unknown, but is
relevant in view of evidence that different genotypes of
VKOR modulate warfarin dose requirements, presumably
by affecting vitamin K availability (140). Here again, nutri-
tional studies in Vkor /~ mice might help to determine op-
timal vitamin K prophylactic regimens for preventing
neonatal vitamin K-deficiency bleeding.

There are also gaps in our knowledge of the identity of
the enzyme(s) and natural cofactors that participate in



vitamin K recycling which include the enzyme(s) that re-
duces vitamin K to the hydroquinone and the physiological
reductant(s) that provides reducing equivalents for VKOR
function. In this area, the development of cell-based re-
porter assays in which normal or chimeric VKD proteins
are stably expressed in cell lines have provided a new tool
to identify and characterize candidate enzymes of the vita-
min K-epoxide cycle and to study warfarin resistance (85,
86, 98). In marked contrast to DTT-driven in vitro assays,
these cell-based reporter assays showed improved correla-
tions of VKOR activity with the clinical phenotype and war-
farin dose requirements (86, 98). One future refinement
to these new cell-based assays would be to deliver the vita-
min K to the cells in the physiological lipoprotein milieu
in which they are found in the blood. This would enable
the study of the relative activities and metabolism of differ-
ent forms of vitamin K by the enzymes of the vitamin K
cycle that would more closely mirror the in vivo delivery of
vitamin K to cells. Lipoprotein delivery of vitamin K has
already been used in studies of the mechanism of receptor
uptake of vitamin K by cultured bone cells (45-47).

An intriguing hypothesis to recently emerge from
Oldenburg’s group is that the primary role of the paralo-
gous VKORL1 is to reduce vitamin K to the hydroquinone
with the latter functioning as an intracellular antioxidant
(110). If true, this hypothesis that specifically relates to an-
tioxidant protection of cell membranes would have far-
reaching consequences to current concepts of antioxidant
mechanisms. An alternative hypothesis is that VKORLI is
important for the reduction of K>O to K in extrahepatic
tissues and can serve to rescue the recycling function in
some extrahepatic tissues during treatment with VKAs
(111). Clearly further studies are needed to clarify the
physiological role of VKORLI, not least because currently
there are disparities regarding the ability of VKORLI to
reduce K>O and its sensitivity to warfarin (86, 110, 111).

The recent confirmation that the in vivo conversion of di-
etary K; to MK~ involves the complete removal of the phytyl
side chain and that the naphthoquinone nucleus serves as
the intermediate for cellular MK-4 synthesis finally confirms
a prediction made by Martius over 50 years previously [for
review of early work see Shearer and Newman (11)]. Many
questions remain, not least that while the discovery of
UBIADI explains the prenyltransferase activity in humans, it
is likely that another enzyme(s) contributes to the proposed
side-chain cleavage by intestinal cells (122). A significant
finding from Okano’s group is that the menadione released
from K in the intestine (which represents only a very small
fraction of absorbed K)) is transported into the blood via the
lymphatic system (122). This suggests that the released mena-
dione, like K; and MK, is incorporated into lipoproteins with
this route of menadione generation obviously being depen-
dent on the initial efficiency of the bile salt-mediated absorp-
tion of K; itself. In contrast, the absorption efficiency of an
exogenous dose of free [14C]menadione in rats was unim-
paired by the absence of bile and was efficiently transported
to the liver via the portal vein (141). However, in dogs about
10% of absorbed menadione was recovered in thoracic duct
lymph, showing that some lymphatic transport is possible

(142). In the scheme proposed by Okano’s group (Fig. 3),
menadione is shown as being transported in blood in the
quinone form, which is then reduced to the quinol in the
target tissues before MK-4 synthesis. However, as discussed in
this review, the 3-position of menadione is highly reactive and
combines indiscriminately with free and bound thiol groups
in blood contributing to its toxicity. In other words, targeted
transport of menadione in plasma would seem to present a
problem unless highly regulated. Although vitamin K s pres-
ent in the diet as the quinone form, we do not know the re-
dox status of vitamin K during its transportation in the
plasma. It is known that a closely related member of the iso-
prenoid quinone family, ubiquinone-10 (Q-10), is present in
plasma almost entirely (~95%) in its reduced form, ubiqui-
nol, and that this proportion is not significantly altered by
oral administration of Q-10 supplements, regardless of the
dose given or whether ingested as ubiquinone or ubiquinol
(143). After administration of Q-9 and Q-10 to rats, both were
recovered in mesenteric lymph as the corresponding ubiqui-
nols (143). There is also evidence that enterocytes in cell cul-
ture can carry out the reduction of Q-10 (143). By analogy,
menadione might also be reduced by the enterocytes and
transported in plasma as the quinol, which is the reduction
state required for prenylation by UBIAD1 (122). The enzyme
NQOI1 would be a prime candidate enzyme for carrying out
this reduction of menadione.

To date there are no clues of the mechanisms whereby
certain tissues such as brain and pancreas are able to pref-
erentially accumulate MK-4 and the reasons for this local
biosynthesis are unclear. As discussed in this review and
previously (11), there is evidence that MK-4 has roles in
cellular functions that are independent of its cofactor role.
It is interesting that the concentrations of MK-4 in the
brains of mice, rats, and humans are several-fold higher
than those of K; (50, 122). Perhaps a mechanism that uti-
lizes a side-chain-depleted precursor of dietary vitamin K
as a transport form facilitates the passage of this smaller
molecule across the blood-brain barrier to enable MK-4
biosynthesis (50, 122) A0
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